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Recently, orbital-textures have been found in Rashba and topological insulator (TI) surface states
as a result of the spin-orbit coupling (SOC). Here, we predict a px/py orbital texture, in linear
dispersive Dirac bands, arising at the K/K’ points of χ-h0 borophene chiral monolayer. Combining
first-principles calculations with effective hamiltonians, we show that the orbital pseudospin has its
direction locked with the momentum in a similar way as TIs’ spin-textures. Additionally, considering
a layer pseudospin degree of freedom, this lattice allows stackings of layers with equivalent or opposite
chiralities. In turn, we show a control of the orbital textures and layer localization through the
designed stacking and external electric field. For instance, for the opposite chirality stacking, the
electric field allows for an on/off switch of the orbital-textured Dirac cone.
I. INTRODUCTION
Since the synthesis of graphene, two dimensional (2D)
materials and related 2D states have become a major field
of study in physics and materials science [1–3]. Many
interesting characteristics arise in this lower dimension,
from intrinsic Dirac cone in graphene [4], to the confine-
ment induced 2D topological states in topological insu-
lators (TI) [5, 6]. Additionally, application of the spin
texture of 2D surface states, arising due Rashba SOC
or TI system, has been found prominent in the magnetic
moment switching of ferromagnets, through the Edelstein
effect and spin torque transfer [7–10]. Further detailed
analysis has shown that, within the TI spin-texture, an
associated orbital texture exist, due to the strong SOC
[11–13]. Such orbital texture was already experimentally
observed[14, 15].
Notwithstanding the spin texture, the existence of or-
bital texture allows for interesting phenomena. For in-
stance (i) the orbital hall effect [16–18], where an elec-
tric field induces a flow of orbital angular momentum in
a transverse direction; (ii) the emergence of chiral or-
bital angular momentum due to an orbital Rashba effect
[19, 20]; and (iii) electronics based in the orbital degree
of freedom [21–23]. While the spin Edelstein effect has
been reported as a prominent phenomena for the design
of magnetic memory,[24] the introduction of an orbital
degree of freedom has shown to increase the efficiency of
torque transfer in such devices.[25] Such pure orbital tex-
ture was shown to emerge in parabolic bands in the two-
dimensional material BiAg2 [22]. Despite that, to the
best of our knowledge, the emergence of a pure orbital-
texture in linear Dirac bands, without the SOC, is still
unexploited. Nonetheless, uncovering different orbital
textures and ways to control it, allow for new possibilities
in materials design.
Recently, the synthesis of borophene [26–28], a boron
analogue of graphene, have increased the realm of 2D
materials. Especially because boron atoms present dif-
ferent planar coordinations, which leads to the existence
of many stable phases [29–31]. Interestingly, boron has
shown to be stable in a Archimedean lattice that has
two chiral variants, namely χ-h0 phases [30, 32]. Timely
studies have brought into attention that the chiral char-
acteristic of the lattices leads to new topological phases
in 3D materials [33, 34]. Therefore, the exploration of its
2D counterpart can uncover novel phenomena.
In this paper, we discuss the existence of orbital
pseudospin-texture in borophene χ-h0 lattices. This or-
bital texture, in contrast with the originated in TIs [12]
and Rashba surface states [35], arises without spin-orbit
coupling [36]. Nevertheless, we find the presence of linear
dispersive Dirac cone with orbital pseudospin-momentum
locking, analogous to spinful TI surface states. Fur-
thermore the existence of two chiral variants of this
borophene phase allows for a design of the stacking se-
quence. Combining the orbital pseudospin with this layer
degree of freedom, we show that its orbital-textures and
layer localization can be controlled through an external
electric field. Particularly, the orbital texture of the same
chirality stacking is robust against the electric field. On
the other hand, for stackings of layers with opposite chi-
rality, the electric field allows for an on/off switch of the
orbital-pseudospin Dirac cone.
II. RESULTS AND DISCUSSIONS
A. Monolayer orbital-texture
The borophene χ-h phases were recently proposed and
shown to have greater stability compared to its synthe-
sized α phase [30]. In particular, among the χ phases, the
χ-h0 was shown to be the most stable in the freestand-
ing form. In this structure, Fig. 1(a), all boron atoms
are five-fold coordinated, and arranged in a hexagonal
lattice. Such borophene lattice arises in two chiral vari-
ants, mirror images of each other, which we will refer
as borophene-C1 and borophene-C2 structures, Fig. 1(a).
Both forms belong to the P/6m (C6h) space group.
Based on the Density Functional Theory (DFT), we find
a lattice parameter of 4.48 A˚, with mean first-neighbors
distance of 1.69 A˚.
From the electronic perspective, the system is metal-
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2FIG. 1. (a) Atomic structure of the borophene χ-h0 with
its two possible chiralities C1 and C2. (b) Orbital projected
band structure. (c) and (d) projected density of states. Or-
bital texture for the Dirac cone (e) borophene-C1 and (f)
borophene-C2. The vectors are the mean value of the orbital
pseudospin operators (〈σˆx〉 , 〈σˆy〉), and the color code indi-
cates the energy distance from the Dirac point.
lic with dispersive bands crossing the Fermi level, arising
mostly from the pz and px/py orbitals [Fig. 1(b)]. The
px/py bands form a Dirac cone at ED = 0.82 eV above
the Fermi energy at the K and K ′ points. Furthermore,
the atomic orbital projected density of states, Fig, 1(c),
presents the characteristic V-shaped behavior of a Dirac
cone. A close inspection, Fig. 1(d), shows that the s-
orbital contribution goes faster to zero near the Dirac
point, and can be neglected. The linear dispersive band
presents high electron velocity, vD = 1.12 × 106 m/s, of
the same order of magnitude as graphene’s [4]. Addition-
ally, the px/py cone presents a uneven distribution of the
orbitals in the Brillouin zone (BZ), which will be further
discussed below.
Due to the planar structure of this borophene phase,
the states with different in-plane mirror eigenvalues are
decoupled. For instance the p orbitals can be separated
into odd pz and even px/py subspaces. Therefore, the
px/py orbitals form a pseudospin degree of freedom (com-
posed by the E′ irreducible representation of the C3h
group at K or K ′). Thus, we define spinor-like opera-
tors, σx, σy and σz constructed in the basis of l = 1 and
m = ±1 orbitals, i.e. |±〉 = (|px〉 ± i |py〉) /
√
2. Within
the DFT calculations we compute the mean values of 〈σx〉
and 〈σy〉 pseudospinor operators and represent them in
a vector field plot along the BZ for the upper band of
the cone, Fig. 1(e) and (f). Near each Dirac cone (K and
K ′ points) we see a resemblance with the spinful texture
of 3D topological insulators. Notice that the textures at
the K and K ′ points rotate in opposite directions within
each lattice (C1 or C2), with C1’s K-texture matching
C2’s K ′-texture, c.f. Fig. 1(e) and (f). Analogous behav-
ior is seem in the lower cone branch, but with textures
reversed in relation to the upper branch.
We can further explore this orbital pseudospin in a
effective model. For the borophene-C1 at the K point
the helical orbital pseudospin hamiltonian can be written
as
h
(1)
K = +h = ~vD (qxσy − qyσx) , (1)
where vD is the Dirac velocity, (qx, qy) are the momen-
tum vector components measured from the K point, and
(σx, σy, σz) are the Pauli matrices in the orbital pseu-
dospin degree of freedom. Such hamiltonian has eigen-
values given by
eλ = λvD|~q|, (2)
with λ = ±1 for each of the two linear dispersive bands,
and eigenvectors
|eλ〉 = 1√
2
(
|+〉+ λ (−qy + iqx)|~q| |−〉
)
. (3)
We can relate the λ quantum number with the helicity
of each states, as the proposed hamiltonian comutes with
the orbital counterpart helicity operator[37]. From these
eigenvectors, we calculate the orbital texture at each ~q,
yielding (
〈σx〉λ, 〈σy〉λ
)
=
λ
|~q| (−qy, qx) , (4)
which gives the right-handed (λ = 1) helicity seeing in
the DFT results of Fig. 1(e) at the K-point, with the
orbital pseudo-spin orthogonal to the ~q vector. Further-
more, to obtain the Hamiltonian and orbital texture at
the K ′ point, we consider the inversion symmetry. The
inversion takes ~K → − ~K ≡ ~K ′ and ~k → −~k. Since
~q = ~K − ~k, it also takes ~q → −~q. Moreover, since our
basis is composed by px and py orbitals, the inversion op-
erator in the Hilbert space becomes I = −σ0. Therefore,
the K ′ Hamiltonian becomes h(1)K′ (~q) = Ih
(1)
K (~q)I
−1 =
h
(1)
K (−~q) = −h. This sign change leads to the counter
rotating texture at the K ′ point in relation to K point,
Fig. 1(e).
The borophene-C2 monolayer is obtained as the mir-
ror of the C1 monolayer, see Fig. 1(a). On the reciprocal
space, this mirror operation takes K ↔ K ′. Accordingly,
3C2 can be described as a C1 monolayer with the K and
K ′ points exchanged. Therefore the hamiltonian for C2
at the K point is, h
(2)
K = −h. Consequently, it has the
same eigenvalues as h
(1)
K , but with eigenvectors leading
to a reversed pseudospin texture, capturing the DFT re-
sults, c.f. Fig. 1(e) and (f).
The momentum locked pseudospin texture leads to the
orbital counterpart of Edelstein and inverse Edelstein ef-
fect [7, 38]. For instance, within the inverse Edelstein
effect, the proportionality constant (λIEE) between a lin-
ear charge current density and a perpendicular areal or-
bital current density is defined by the Fermi velocity[39]
(λDIEE = vDτ) for materials with linear Dirac spectrum,
and by the Rashba coefficient[39] (λRIEE = αRτ/~) for
the orbital Rashba effect induced orbital-texture. Due
to the high Fermi velocity found here (vD ∼ 106 m/s),
we expect that the inverse Edelstein induced current can
be λDIEE/λ
R
IEE ∼ 6.5 times larger than the one in the
orbital Rashba bands of BiAg2[22], considering similar
momentum relaxation time (τ). Note, however, that in
borophene the pz metallic bands will have a contribu-
tion in experimental transport measurements. Moreover,
despite not having a trivial tuning capability, the or-
bital pseudospin degree of freedom can be experimentally
observed within spin- and angle- resolved photoemis-
sion spectroscopy separating the in-plane orbitals (px/py)
from the out-of-plane (pz).[14]
In order to achieve controllable parameters in this sys-
tem, we extend our discussion to a bilayer structure to
explore the interlayer coupling between C1-C1 and C1-
C2 stackings, and the effects of a perpendicular electric
field.
B. Control of orbital-texture in coupled bilayer
First, let us discuss the extension of our model for the
stacking of monolayers of equal chirality, which we label
C1-C1 stacking, and investigate the consequences of the
interlayer coupling the orbital texture. Later, as a proof
of principle, we compare the analytic results with a DFT
simulated bilayer stacking, where in each case we take
the most symmetric stacking, i.e. with aligned hexago-
nal vacancy centers. Since our basis |±〉 is composed by
planar (px, py) orbitals, and the stacking does not break
in-plane symmetries, the interlayer coupling ∆ must cou-
ple only states with equivalent symmetries on each layer
[40]. Additionally, we consider an out-of-plane external
electric field by changing the on-site energy of each layer.
Thus, at the K point, the C1-C1 stacking hamiltonian is
H
(11)
K = h
′ ⊗ τ0 + ∆ I⊗ τx + ν I⊗ τz. (5)
Here, h′ = diag(e+, e−) is the monolayer hamiltonian in
its diagonal base {|eλ〉}, I is a 2× 2 identity matrix, τx,
τy, and τz are the Pauli matrices in the layer subspace,
∆ is the interlayer coupling strength, and ν the potential
energy in the layers due to the out-of-plane electric field.
The eigenvalues are given by
E
(11)
m,λ = eλ +m
√
∆2 + ν2, (6)
where eλ is the monolayer energy dispersion, m and λ =
±1 are, respectively, the quantum numbers associated
with mirror (for ν = 0) and helicity symmetries, that
define the eigenvectors
|m, eλ〉 = |eλ〉 ⊗ (|b〉+ gm |t〉)√
1 + g2m
. (7)
Here, the m dependent factor gm = ∆/(ν+m
√
∆2 + ν2),
and the kets |b〉 and |t〉 represents the states of the bottom
and top layers, respectively. Note that the Hamiltonian
of each layer is the same (h′), due to their equivalent
chirality. Therefore, for zero external field ν = 0, the
Hamiltonian commutes with τx (which coincide with the
Mz symmetry operator), and the eigenstates reduce to
the mirror symmetric and antisymmetric cases gm = ±1.
Moreover, for ν 6= 0 we can still separate the Hamiltonian
into two orthogonal subspaces defined by its pseudomir-
ror symmetry[41] M˜z = (∆τx + ντz)/
√
∆2 + ν2. Mirror
symmetry aside, the ∆ and ν parameters enter in the
energy dispersion in the same way, separating the two
Dirac cones (D1 and D2) in energy by δD = 2
√
∆2 + ν2,
see Fig. 2(a1) for ν = 0 and (c1) for ν 6= 0.
Indeed, the DFT calculations[42] including an external
electric field of Eext = 0.02 eV/A˚ [Fig. 2(c2)] show an in-
crease in the separation of the two Dirac crossing (δD),
0.111 → 0.132 eV, compared with the Eext = 0 eV/A˚
case [Fig. 2(a2)]. Such separation of the Dirac cones lead
to a linear dispersive nodal line, see Fig. 2(g), with the
crossing originated between bands with opposite mirror
eigenvalues [D3 and D4, in Fig. 2(a1) and (c1)]. Further-
more, as the orbital texture depends on |λ〉 only, in this
stacking it becomes independent of m,
〈m, eλ|σi |m, eλ〉 = 〈σi〉λ , i = x, y. (8)
Therefore for each energy split Dirac cones (D1 e D2),
the orbital texture will keep the same behavior as in
the monolayer. In this C1-C1 stacking, the electric field
affects only the layer degree of freedom. Where for
zero field (ν = 0) we have the symmetric and anti-
symmetric states with same contribution of each layer,
i.e. |〈b|m〉|2 = |〈t|m〉|2 = 0.5. On the other hand, includ-
ing the electric field the states start to localize in one
layer or the other, see the color code in Fig. 2(e1) and
(e2). Furthermore, the decoupling of the orbital texture
from the layer degree of freedom, as shown in Eq. (7),
allows interesting control in the D3 and D4 crossing.
Here, the orbital-texture is robust against electric field
changes, but the layer-pseudo spin changes from a un-
polarized (〈τz〉 = 0) crossing for ν = 0, to a crossing of
states mostly localized in different layers (〈τz〉 6= 0), see
Fig. 2(e1).
A distinct behavior will arise for stackings of layers
with opposite chiralities, C1-C2 stacking. The Hamil-
tonian in this case is built exchanging the top layer for
4FIG. 2. Bilayer model orbital-texture projected along
~q = (0, qy) dispersion (a1)-(d1), and DFT orbital-texture
(a2)-(d2). The zero electric field and same chirality stacking
is show in (a1) and (a2); while for opposite chirality stacking
is (b1) and (b2). The finite electric field and same chirality
stacking is show in (c1) and (c2); while for opposite chiral-
ity stacking is (d1) and (d2). Layer pseudospin polarization
(〈τz〉) projected dispersion with external electric field for same
chirality stacking is show in (e1) for the model and (e2) for
DFT; while for opposite chirality stacking is (f1) for the model
and (f2) for DFT. 3D band structure plot for finite electric
field for the same (g) and opposite (h) chirality stacking.
an opposite chirality monolayer, for which its monolayer
hamiltonian, h, changes sign. Therefore the hamiltonian
is written as in the same chirality case, Eq. (5), but re-
placing τ0 for τz in the fist term. The eigenvalues are
given by
E
(12)
m,λ = m
√
(eλ + ν)
2
+ ∆2, (9)
with eλ being the monolayer dispersion, and m and λ =
±1. Correspondingly, the eigenvectors are
|m, eλ〉 = |eλ〉 ⊗ (|b〉+ fm,λ |t〉)√
1 + f2m,λ
. (10)
where fm,λ is equivalent to gm with the replecement
ν → (eλ + ν). Note that for the C1-C2 stacking the or-
thogonality constrain of the C1-C1 case is not present, as
the Hamiltonian does not commute with the mirror Mz
nor pseudomirror M˜z operators. Here a parabolic type
of dispersion takes place close to the K point for ν = 0,
Fig. 2(b1), with an energy gap of Eg = 2∆. By turning
on the electric field ν 6= 0, a recovery of the D1 and D2
Dirac crossing is observed, see Fig. 2(d1), with its energy
separation being the same as in the C1-C1 case, while the
energy gap Eg remains the same as the ν = 0 case. Note
that the mechanism responsible for the gap opening, i.e.
the interlayer coupling, is unaltered by the presence of
the electric field, the latter only dislocate the degeneracy
point.The same behavior is observed for the DFT results
with or without an external field of Eext = 0.02 eV/A˚,
Fig. 2(b2) and (d2). In this bilayer C1-C2 stacking, the
eigenstates separation of layer and orbital degrees of free-
dom lead to the same expression for the orbital texture
as in Eq. (8). Such texture is indeed corroborated by the
first-principles calculations, Fig. 2(d1) and (d2). Here,
at the D1 and D2 crossing, the helical orbital-texture is
preserved, but with opposite crossings. Additionally, the
electric field also change the layer contribution to each
state, with a localization effect of the D1 and D2 cones
in the bottom and top layer respectively, see Fig. 2(f1)
and (f2). Despite the preservation of D1 and D2 cross-
ings in the presence of electric fields, by changing the
stacking from same to opposite chirality, the Dirac nodal
line opens a gap, compare Fig. 2(g) and (h).
Furthermore, an analogy with the TI surface states
can be made for the C1-C2 stacking. Note that each
layer (top and bottom) has opposite orbital texture, as
the opposite spin texture in each TI surface state. In an
thin film confinement of 3D topological insulator with an
external electric field, a coupling and asymmetry between
each opposite surface arises. The combinations of this
two effects lead to a surface localization of the topological
states in a similar way as the layer localization observed
in the orbital textures [43].
III. CONCLUSION
We have shown the existence of orbital-texture in a 2D
chiral borophene monolayer phase in the absence of SOC.
This texture arises in a Dirac cone formed by a px/py
orbitals, defining a pseudospin with its direction locked
with the momentum, and with opposed textures at K and
K’ valleys. The high Dirac velocity found in this system
indicates a possible enhancement of the orbital Edelstein
effect. Extending our model for a borophene bilayers
with layers of equal (C1-C1) or opposite (C1-C2) chiral-
ities, we find a possible external control of the orbital
textures. In the former case we found a conservation of
the monolayer orbital texture, and a Dirac node line with
a radius defined by the electric field (ν) and interlayer
coupling strength (∆). In the opposite chirality stacking
5(C1-C2), the interplay of orbital-texture with the layer
degree of freedom brings another feature to future appli-
cations. For instance, in this stacking, the electric field
induces a controllable on/off switch of the Dirac cones at
the K/K’ point and, consequently, the orbital-textures,
which becomes localized on different layers.
IV. ACKNOWLEDGMENTS
The authors acknowledge financial support from the
Brazilian agencies CNPq, and FAPEMIG, and the
CENAPAD-SP and Laborato´rio Nacional de Com-
putac¸a˜o Cient´ıfica (LNCC-SCAFMat) for computer
time.
Appendix A: Computational approach
The calculations of atomic geometry and band struc-
ture were performed based on the DFT approach, as im-
plemented in the VASP code [44]. The exchange cor-
relation term was described using the GGA functional
proposed by Perdew, Burke, and Ernzerhof [45]. The
Kohn-Sham orbitals are expanded in a plane wave basis
set with an energy cutoff of 450 eV. The Brillouin zone is
sampled according to the Monkhorst-Pack method [46],
using a gamma-centered 7×7×1 mesh. The electron-ion
interactions are taken into account using the Projector
Augmented Wave method [47]. All geometries have been
relaxed until atomic forces were lower than 0.01 eV/A˚.
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